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I . INTRODUCTION
Electron paramagnetic resonance spectroscopy is a useful tool for the 
study of paramagnetic metai centers of any sort, but can be especially 
valuable in the study of large enzymes. In the case of enzymes, structure 
determination is very difficult because of their size and complexity; 
however, if an enzyme contains one or more paramagnetic nuclei, informa­
tion concerning the immediate structure of the paramagnetic center can be 
obtained from EFR studies. The class of enzymes known as molybdenum 
hydroxylases is an example of this, The main characteristic shared by 
these enzymes is the use of at least one molybdenum center in an electron 
transfer process.^ At one point in the electron transfer process the 
molybdenum center resides in the fifth oxidationstate, Mo(V), and can be 
detected by EFR.
When little is known about the structure of a paramagnetic substance, 
model systems of known structure can be studied by EPR in hope of finding 
structural similarities through similar EPR parameters. The major 
downfall of this technique is that the complete Identity of the substance 
in question often ca.inot be determined since EPR parameters generally give 
structural information pertaining to the near vicinity of the paramagnetic 
center. This is true in the case of the molybdenum hydroxylases, where 
the molybdenum centers make up a small part of the total enzyme.
Insight to the structure of a model system can be extracted from 
several EPR parameters, including the g value, the nuclear hyperfine
1
2constant, and the nuclear quadrupole coupling constant (NQC). In this 
study an attempt was made to determine the NQC constant for molybdenum(V) 
poly(iminoethylene) dithiocarbamate copolymer, a model system in which 
monomeric molybdenum centers are coordinated to eight sulfur atoms. 
Determination of the; NQC constant would permit further characterization 
of this sort of structure, and could possibly be of use in the structural 
identification of the molybdenum centers in the hydroxylase enzymes. 
Attempts have been made to determine this value1 but conflicting results 
have been reported.
Natural abundance molybdenum is conposed primarily of the ever)
isotopes. Because of this, samples of the copolymer had to be generated
Q ?  Q R  Q 7
with isotopically enriched * * Mo to obtain useful EPH spectra.
Experimental spectra were recorded at X-band (ca, 9 GHz) frequencies
P U Sand the spectra were simulated with the Qpowa » computer simulation 
95program. The Mo enriched copolymer has a very small quadrupole moment 
-24 p(0.2 x 10 cm ) and can therefore be simulated without taking the NQC
97constant into consideration. Once this is accomplished the Mo copolymer
-24 pwith its significant quadrupole moment (1.1 x 10 cm ), is simulated by
95varying the NQC constant parameter of the Mo copolymer simulation until
97a simulation can be produced that matches the Mo copolymer experimental
92spectra. The Mo copolymer spectra was simulated and used as a back-
95 97ground on the ’ Mo copolymer simulations to account for the even 
isotope effect.
I I .  THE NUCLEAR QUADRUPLE INTERACTION
The nuclear quadrupole interaction is an electric effect resulting 
from a charge separation within a nucleus. A nucleus must have a spin 
angular momentum, l, greater than or equal to one to observe this effect. 
One way to visualize a quadrupole nucleus is a sphere compressed or 
extended about one of its Cartesian axes. The quadrupole moment, Q, is 
given by the equation
eQ = | Pn( - r2)dcn ( 1)
where -e is the charge on the electron, pn is the nuclear charge density 
in the volume element don, r is the distance of the volume element from 
the center of the nucleus, and z is the projection of the volume element 
in arbitrary Cartesian coordinates. Compression of the sphere about the 
z-axis leads to a negative value of eQ and extension results in a positive 
value.
Another way to visualize the quadrupole effect is a spherical nucleus 
with an uneven distribution of charge. The difference between the two 
ways is that the nucleus undergoes a change in shape in the first (from 
spherical to ellipsoidal); in the second, the nucleus undergoes a change 
in charge distribution.
If the nucleus is compressed or extended about an axis, two anti­
parallel dipoles (compressed regions are negatively charged, extended
3
regions are positively charged) will result. In an electric field 
gradient (EFG) a net torque is exerted on these dipoles, causing them to 
align with the field. If the EFG is symmetric about the z-axis and is 
given by the quantity -eQ = dV/dz, where V is the electrostatic potential 
felt by the nucleus due to the ligand arrangement, the turning torque on 
the nucleus is of magnitude leqeQI. The effect of the quadrupole interac­
tion on the spin Hamiltonian is given by the equation^
hq s o |j I *2 • 1(1 + n ♦ n/2)n(U2 ♦ i-2)] (2 )
where n is the asymmetry parameter
H 2 (VjU -Vyy )/VZ2 (3)
and Vxx s d2V/dx2, Vyy = d2V/dy2 , Vzz = d2V/dz2.
Vxx» Vyy, and Vzz are the diagonal elements of the traceless 3 X 3  
EFG tensor. These elements apply when the chosen coordinate axes dia­
gonalize the EFG tensor. Compared to the major components of the spin 
Hamiltonian (electric and nuclear Zeeman terms, nuclear hyperfine term) 
the quadrupole effect is relatively small. However, it should not be 
ignored since determination of the EFG at the quadrupole nucleus can 
identify the ligand environment in which the nucleus resides.
In EPR spectroscopy, the nuclear quadrupole coupling constant, Q' , is 
the quantity extracted from the experimental spectra and is given by the
5O' - -3eqeQ (4)
41(21 - 1)
Determinati ,i of Q' results in determination of the EFG. The term that
usually concerns EPR spectra is QD, given by the equation
QU = 3/2*Q^ (5)
Where Qz is the extent of the quadrupole effect about the axis of exten­
sion or elongation and is usually given in MHz. Thus, the ability to 
determine EFG values at the quadrupolar nucleus make EPR spectroscopy a 
valuable tool for probing the ligand structures at the nucleus of many 
paramagnetic species.
III. EXPERIMENTAL
Molybdenum(V) poly(iminocthylene) dithiocarbamate copolymer (Mo(V) 
PIE-D) was prepared by the method of Mitchell and Taylor.^ A 17.0 g 
sample of poly(ethylenimine) in 75 ml of ethanol was added to 3.0 ml CS2 
in 25 mi of ethanol with vigorous stirring. Poly(iminoethyiene) dithio- 
carbamate copolymer (P1E-D), the white precipitate which formed immediate­
ly, was vacuum filtered, dried, and stored under liquid nitrogen to 
prevent rapid decomposition at room temperature. See Figure 1 for 
idealized structures of poly(ethylenimine) and P1E-D,
Ideally, one would add the polymer to an acidic (Q.5M HC1) solution of
0.1M Na2Mo0i| to precipitate Mo(V) P1E-D. However, since tsotopically 
Q2 qs 07
enriched ' Mo(V) P1E-D samples were to be prepared, samples of the
isotopicaily enriched metal were worked up to Na2Mo0ij. This was done by
heating the metal in an open flame until the black metal was completely
oxidized to the gray-blue M0O3 (M0O3 sublimes at high temperatures but
losses were minimal). Next, Na2CC>3 is added in a 1:1 molar ratio to the
M0O3 , thoroughly mixed, and heated with an open flame urtil the two solids
fused together, producing Na2Mo0ty, a white powder. The PIE-D was then
added to the acidic Na2Mo0ij solution as described above. A dark red
precipitate inmed lately formed; the precipitate was dried and filtered in
vacuo and stored at room temperature.
Q2 qs Q7
Samples of the * * Mo(V) PIE-D were prepared in this manner.
Table 1 lists the abundances of each molybdenum isotope as assayed by Oak
6
7Figure 1. Idealized structures For a) polyfethylenimine) and b) PIE-D.
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9Abundances of Various Ho Isotopes in Enriched Samples*4
T ab le  1
sotope J 95 * 97 % Cven
95Mo 96.97 0.96 3.07
9?Mo 0.59 99.25 5.16
nat. 15.72 9.96 79.82
aTaken from Reference 8.
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Ridge National Laboratories, Oak Ridge, Tennessee.
All samples were ground to a fine powder to thoroughly randomize 
orientations within the sample. X-band spectra were recorded at room 
temperature with an IBM/Bruker Model ER220D spectrometer. Magnetic field 
and frequency values were obtained through use of a Varian Model E500 NMR 
gaussmeter arid an EIP Model 548A frequency meter1, respectively. All 
spectra were digitized and stored on floppy disk by means of an IBM 
Portable personal computer interfaced with the spectrometer.
Computer simulations of the EPR spectra were performed through use of 
the Qpowa simulation program on the School of Chemical Sciences Vax 11/780 
omputer and IBM737 color plotter. Computer manipulations on the simula­
tions and digitized experimental spectra were made possible by the 
programs Scale (written by Karen Mattson) and Pam.^
IV. SIMULATIONS OF 92'95>97Mo(V) PIE-D POWDER SPECTRA
A. THE 92Mo (V) PIE-D SIMULATION
The 92Mo simulation was added to the 9*Mo and 97Mo simulations as a 
weighted background file to account for the even isotope contribution to 
the spectra. Since ^2Mo lacks a nuclear spin, hyperfine splitting is not 
observed and the spectrum consists of a single transition (Figure 2).
The minor transitions appearing on the experimental spectra are probably 
the result of ^Ho and ^Mo impurities in the sample,
The 92Mo simulation is not added as a background file in its form in 
Figure 2, however. The linewidths were decreased in order to achieve 
adequate resolution and the g values were adjusted to match those of the 
^Mo and ^Mo simulations. The Appendix contains the datafile used to 
generate the background. For an explanation of the datafile consult 
references 2, *1, and 5. Table 2 lists the EPR parameters used to generate 
the ^Mo background simulation.
Table 2 contains parameters referred to as "g-strain", "A-strain”, 
and "correlation". These are employed to characterize the variation of 
linewidths between peaks of the same magnitude but opposite sign. 
Froncisz and Hyde^ have found the linewidth variation, or strain, to be 
dependent upon the m\ value of the peak (g-strain) and the spectrometer 
frequency (A-strain) by the following equation
11
1 2
Figure 2. 92Mo spectrum. top) simulated and bottom) experimental.
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Parameters Used to Simulate EH< Spectra
Tab le  2
^Mo « Mo ^Mo
Frequency(GHz) 9.7677 9.7677 9.7677
I 0 2.5 2.5
gx 1.9635 1.9835 1 .98^ 4
gy 1.9803 1.9803 1 .979;?
gz 1.9770 1.9770 1.9760
Ax (MHz) 0 65.0 66.4
Ay 0 77.0 78.6
Az 0 168.50 172.00
Linewidths (MHz) :
X 5.0 17.0 17.0
y 5.0 20.0 20.0
z 5.0 22.0 22.0
g-strain (C i n Gauss):
X 0 1. 10 1. 10
y 0 1.10 1. 10
z 0 1.60 1.60
A-strain (C2 in Gauss/Freq.):
X 0 1.10 1.10
y 0 1.10 1.10
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Table ? (continued)
92Mo ^Mo ^Mo
A-stra in(cont •d):
n 0 1.6n 1.60
Correlation (f ):
X 0 -3.0 -3.0
y u -3.0 - 3 .0
z 0 -12.0 -12.0
NQC Constant (MHz) ; 0.0 0.0
16
b\\}/22 = UHl/2h)2 ♦ C12rn12 ♦ t ^ f 2 ♦ ^CiC^imjf
where A H ^ 2 is the f'Li 1 i width of the peak at half-height after strain 
broadening in Gauss, AH)/^ is the full width at haif-height prior to 
strain broadening in Gauss, C} is the extent of g-strain in Gauss, is 
the extent of A-strain in Gauss/frequency, ( (dimensionless) is the
correlation between g- and A-strain and f is the spectrometer frequency. 
Froncisz and Hyde used this equation to fit the strain broadening of an 
1 = 3/2 system; in this study it was assumed to fit an 1 = 5/2 system.
17
B. Till 95Mo SIMULA'!'I ON
Figure *4 shows the 7 Mo spectra along with its corresponding computer 
simulation. The ^Mo background is included in the simulation to compen­
sate for the even Mo isotope contribution to the spectra. Table 2 lists 
the EPR parameters used in generating the simulated spectra. The g values 
indicate a slight deviation from axial symmetry. This created a difficult 
problem when attempting to simulate this spectra. Since Mo(V) PIE-U is a 
polymer, single crystal studies could not be conducted to determine the gx 
and gy values experimentally. This suggests some uncertainty in the 
values used to generate the simulation. The gz values were readily 
determined since the outer' parallel peaks (mj = *5/2,-5/2) were isolated 
from the perpendicular1 region of the spectrum, The above problem was also 
encountered in determining the hyperfine constants. The deviation from 
axial symmetry is small enough that the individual transitions could not 
be resolved; therefore, uncertainty is Introduced into the Ax and Ay 
values. The A^ value was determined readily since the outer parallel 
transitions (mj = *5/2,-5/2,*3/2,-3/2) were isolated from the perpen­
dicular region of the spectrum.
Problems also existed in determining the linewidths of the transi­
tions. The parallel region is subject to a large variation in linewidths; 
this can be seen in the mj = *5/2,-5/2 peaks. The strain broadening 
equation of Froncisz and Hyde has been incorporated into Qpowa and this 
effect was included in the simulation to the best possible approximation,
95Mo spectrum. top) simulated and bottom) experimental.Figure 3.
1 4 0
X
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The g and A matrices appear to be noncoinc iderit; this models the 
behavior of several other molybdenum complexes. because of this the A
matrix was rotated 11 degrees about the y-axis. Finally, as mentioned
before, the NQC constant is very smail for the ^Mo nucleus and wa3 
assigned a value of zero in the simulation. See the Appendix for the
datafile used in this simulation.
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C. THE 97Mo SIMULATION
Figure iJ shows the simulated spectra of ^7Mo along with the cor­
responding experimental spectra. The similarities with the ^Mo spectra 
are clearly seen in the presence of variable linewidths and an even 
Isotope contribution. Figure 5 contrasts the ^Mo and ^7Mo experimental 
spectra. From Figure 5 the on 1y notable difference between the two 
spectra is larger hyper fine separations in the ^7Mo spectrum. The ratio 
of Az values between the two spectra are equal to the ratio of the gn 
values, as expected (See Table 3). Since this is true for the Az values, 
which could be determined experimentally, the Ax and Ay values were varied 
in the same manner for the ^7Mo simulation. Note that all parameters, 
excluding the above mentioned, were invariant between the two spectra. 
With QD set to zero this simulation appeared to be optimized. However, 
there is a range of QD values that has little effect on the "optimized" 
simulation. By generating simulations with varying QD values the range 
was found to be within I QD I = 2.0 MHz. EPR spectroscopy can distinguish 
the relative sign of QD with respect to A but not the actual; other 
methods (e.g., microwave spectroscopy) are required to do this. Thus, two 
datafiles, one with a QD value of 2.0 MHz, the other -2.0MHz, will 
generate the same simulation using Qpowa. It was also noticed that QD 
only contributes noticeably to a small part of the spectrum bounded by 
magnetic field values of 3M20 G and 3U90 G. Figure 6 shows the deviation 
from the QD = 0 simulation as QD is increased. Figure 6 shows the
22
97Figure . Mo spectrum. top) simulated and bottom) experimental.
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Table 3
Comparison of gn and Az values for 9^Mo and 97Mo spectra
_£ru 195Ho /97Ho | Av, (MHz ) z NQC(HHs)
9-*Mo spectrum .3639 168.5 0.0
0.979 0.979
97Mo spectrum -.3716 172.0 0.0
21
Figure 6. Comparison of QD = 0.0 MHz simuiation (solid iines) with
a) *7Mo experimental spectrum, b) QD = 2.0 MHz simulation, 
c) QD = 3.0 MHz simulation, d) QD = 7.0 MHz simulation.
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deviation between simulations is Just beginning to become noticeable at a
QD value of approximately 2.0 MHz. Since the deviation increases with 
|QD|, one may be led to believe that zero would be an optimum value, but 
this statement cannot be verified by the data. From the data presented in 
this paper, QD can only be expected to fall within the given range.
D. DISCUSSION
Mo(V) PIE-l) is remarkably well suited for powder EPH studies: it is 
easily synthesized, its structure is knowri^ , and it gives a strong EPH 
signal at room temperature. However, the paramagnetic molybdenum centers 
have nearly axial symmetry which makes accurate determination of g and A 
values in the perpendicular region of the spectra very difficult. Also, 
there is not a unique set of parameters that will generate an accurate 
simulation. It is possible to generate an acceptable simulation with some 
erroneous parameters (e.g., perpendicular g and A values). One way to 
overcome this problem is to simulate at two or' more frequencies; if the 
same parameters generate accurate simulations at two different frequencies 
(i.e., X- and Q-bands), there is a good chance the parameters are correct. 
This, along with an experimental determination of the perpendicular g and 
A values would be helpful. Unfortunately, the properties of Mo(V) P1E-D 
make it an unlikely candidate for single crystal studies, Perhaps a 
single crystal study of a similar model system is in order. In sum, more 
EPR parameters should be determined experimentally to generate the
33
simulation with the best fit.
Although an exact value for m e  NQC constant was not determined, a 
narrow range lor the value was identified. If the value does fall within 
this range then the quadrupolo coupling of eight-coordinate ^Mo(V) is 
quite small. Before an exact value can be determined, though, much work 
needs to be done. herhaps a low temperature EPK study of this comp1 ex 
could reveal more information about the NQC constant. This, along with 
the above suggestions, mid result in an accurate determination of the 
NQC constant.
34
Appendix
1, Qpowa dataf ile for ,p...drum simulation.
0 . 0 0 .0 0 . 0 0 . 0 o 0 0
100 .0 0 . 7 8 7 4 4 . 0 1 0 0 .0
9 . 7 6 7 6 8 3
1 .9 8 3 5 1 .9803 1 .9770
64 20 8 0 1 1 1
0 0 . 0 0 0 0 . 0 0 0 0 .00 0 . 0 U . 0 0 . 0
0 0 . 0 0 0 0 . 0 0 0 0 .00 0 . 0 0 . 0 0 . 0
0 0 . 0 0 0 0 . 0 0 0 0 .00 0 . 0 0 . 0 0 . 0
0 0 . 0 0 0 0 , 0 0 0 0 . 0 0 0 . 0 0 . 0 0 . 0
0 0 . 0 0 0 0 . 0 0
5 . 0 0 5 .00 5 .00 G 1
0 . 0 0 0 0 0 .0000 0 .0000 1 .0 1
35^8 400 0 . 3 9 0 6 11 .55 0 . 0 U .00000 0 . 0 0 0 0 0  0 . 0 0 0 0 0
0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0  0 . 0 0 0 0
2 . 0 0 . 0 0 1
. Qpowa dataf i le for ^Mo spectrum simulation.
2.5 0.0 0.0 0.0 0 0 0
100.0 0.7874 4.0 100.0
9.767683
1.9835 1.9803 1.9770
64 20 8 0 2 2 1
65.00 77.00 168.50 0.0 11.0 0.0
00.00 00.00 00.00 0.0 0.0 0.0
00,00 00.00 00.00 0.0 0.0 0.0
00.00 00.00 00.00 0.0 0.0 0.0
00.00 00.00 0.0 0.0 0.0
17.00 20.00 22.00 G 1
0.0000 0.0000 0.0000 1.0 1
3548 400 0.3906 11.55 0.0- 3.00000-3.00000-12.0000
1.1000 1.1000 1.6000 1.1000 1.1000 1.6000
3.00 0.12 1
35
Appendix (continued)
3. Qpona datafile for ^Mo spectrum simulation
2.5 0.0 0.0 0.0
100.0
9.767683
0.7879 9.0 100.0
1.9824 1.9792 1.9760
6H 20 8 0
66.90 78.60 172.00 0.0
00.0o uo.oo 00.00 0.0
00.00 00.00 00.00 0.0
00.00 00.00 00.00 0.0
00.00 00.00 0.0
17.00 20.00 22.00 G
0.0000 0.0000 0.0000 1 .0
3598 900 0.3906 11.55
1 . 1000 1.1000 1.6000 1.1000
3.00 0.90 1
0 0 0
2 2 1
11.0 0.0
0.0 0.0
0.0 0.0
0.0 0 .0
0.0 0.0
111
0.0-3 .000000-3.00000-12.0000
1000 1.6000
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